Pseudomonas aeruginosa IBB ML1 , isolated from Poeni petroleum sludge, was able to tolerate and degrade both saturated (n-hexane, n-heptane, n-hexadecane, cyclohexane) and aromatic (benzene, ethylbenzene, propylbenzene, xylene isomers, styrene) hydrocarbons. Molecular studies have revealed that the high hydrocarbon resistance of Pseudomonas aeruginosa IBB ML1 could be due to the action of members of the HAE1 (hydrophobe/amphiphile efflux 1) family of transporters. It is further possible that additional mechanisms may account for the tolerance of Pseudomonas aeruginosa IBB ML1 to hydrocarbons, and a combination of short-term and long-term mechanisms may act together in the adaptation of Pseudomonas aeruginosa IBB ML1 cells to saturated and aromatic hydrocarbons. β-galactosidase activity measurements revealed that there was significant induction of the lacZ gene in Pseudomonas aeruginosa IBB ML1 cells grown in the presence of either 5% and 10% (v/v) saturated or aromatic hydrocarbons, compared with control (cells incubated without hydrocarbons). Rhodamine 6G accumulation in Pseudomonas aeruginosa IBB ML1 cells grown in the presence of 5% and 10% (v/v) saturated hydrocarbons was higher than rhodamine 6G accumulation in cells grown in the presence of 5% and 10% (v/v) aromatic hydrocarbons. The study of cellular and molecular modifications to Pseudomonas aeruginosa IBB ML1 induced by 5% and 10% (v/v) saturated and aromatic hydrocarbons revealed a complex response of bacterial cells to the presence of different hydrophobic substrates in the culture medium.
Introduction
Extensive crude oil exploration activities often result in the pollution of the environment, which could lead to disastrous consequences for the biotic and abiotic components of the ecosystem. Remediation of petroleum-contaminated ecosystems can be achieved by either physicochemical or biological methods. However, the subsequent negative consequences of the physicochemical approach are currently directing greater attention to the exploitation of biological alternatives [1, 2] . According to recent research [3] [4] [5] [6] [7] , the damage derived from petroleum hydrocarbon contamination depends on the type and concentration of the contaminant. It has generally been accepted that the susceptibility of hydrocarbons to microbial attack decreases in the following order: n-alkanes > branched alkanes > lowmolecular weight aromatics > cyclic alkanes. Bacteria of the genus Pseudomonas constitute a broad group of ubiquitous microorganisms [8] . Many strains have been shown to be extremely tolerant to man-made xenobiotic compounds and are considered useful for biotechnological purposes such as biotransformations and bioremediation [9] [10] [11] [12] [13] [14] [15] [16] [17] . Because the membrane is the main target of the toxic action of hydrocarbons, it is not surprising that changes in the membrane composition are considered to play a pivotal role in the mechanisms contributing to hydrocarbons tolerance [9] .
When hydrocarbons accumulate in the membrane, its integrity is affected, eventually resulting in dysfunction as a permeability barrier, as a protein and reaction matrix, and as an energy transducer, concomitantly leading to abnormal cellular metabolism, growth inhibition, and, finally, cell death [18] . Partitioning into the lipid bilayer strictly correlates with the compound's hydrophobicity and toxicity [19, 20] . Hydrocarbon accumulation within the hydrophobic layer of the membrane causes an increase in fluidity [20] [21] [22] , which leads to inactivation and denaturation of membrane-embedded proteins, such as ion pumps and ATPases, and the promotion of leakages of ions and intracellular macromolecules, such as RNA, phospholipids, and proteins [18] . Adaptive mechanisms enabling hydrocarbon-tolerant bacteria to survive and grow in the presence of toxic hydrocarbons generally involve either modification of the membrane and cell surface properties, changes in the overall energy status, or the activation and/or induction of active transport systems for extruding hydrocarbons from membranes into the environment [23] .
Although there are numerous studies on modifications induced by hydrocarbons to different strains of Pseudomonas aeruginosa, there are few reports that have investigated the modifications induced by saturated and aromatic hydrocarbons on the same bacterial strain and, to our knowledge, no previous studies have compared the effects of saturated hydrocarbons and aromatic hydrocarbons. The biotechnological importance of the Pseudomonas genus bacteria makes them ideal candidates for such studies. The aim of this research is to test the tolerance and degradative capacity of Pseudomonas aeruginosa IBB ML1 to 5% and 10% (v/v) saturated (n-hexane, n-heptane, n-hexadecane, cyclohexane) and aromatic (benzene, toluene, ethylbenzene, propylbenzene, xylene isomers, styrene) hydrocarbons. The toxic effects of 5% and 10% (v/v) saturated and aromatic hydrocarbons on Pseudomonas aeruginosa IBB ML1 strain, and the mechanisms behind its resistance, are also presented in this study.
Experimental Procedures

Bacterial strain
Isolation of IBB ML1 bacterial strain from Poeni petroleum sludge (Teleorman County, Romania) was carried out on mineral medium and 5% (v/v) crude oil as single carbon source, using the enriched cultures method [24] . The taxonomic affiliation of IBB ML1 bacterial strain was determined based on its phenotypic characteristics and also based on the G+C content of the bacterial chromosome (using the method of De Ley [25] ). The identification result for isolated bacterial strain with API profile 1350575 and with G+C content of the DNA of 66.2 mol% corresponded to Pseudomonas aeruginosa [24] .
Tolerance and degradative capacity of
Pseudomonas aeruginosa IB BML1 to saturated and aromatic hydrocarbons
Bacterial cells growth in the presence of hydrocarbons
Bacterial cells in the exponential phase of growth (10 9 cells/ml) were spotted on either solid LB-Mg medium [21] or mineral medium [26] with 0.5% (w/v) yeast extract (control), and on either LB-Mg medium or mineral medium overlaid with hydrocarbons (using the method of Nielsen et al. [27] ) or supplied with hydrocarbons in the vapor phase (using the method of Ramos et al. [10] ). Petri plates were sealed and the formation of hydrocarbon-resistant bacterial colonies on the agar was determined after 24 hours incubation at 28°C. Bacterial cells in the exponential phase of growth (10 9 cells/ml) were cultivated on liquid LB-Mg medium [21] (control) and on the same medium in the presence of 5% and 10% (v/v) hydrocarbons. Flasks were sealed and incubated 24 hours at 28°C on a rotary shaker (150-200 rpm). The growth of the bacterial strain was determined by spectrophotometric measurement of the optical density (OD 660 nm ). Throughout this research, all experiments were repeated at least three times.
Specific amplification of HAE1 (hydrophobe/ amphiphile efflux 1) gene fragments by PCR
Bacterial cells were lysed with TE buffer (10 mM Tris-HCl, 1 mM EDTA) and DNA was extracted with a phenolchloroform-isoamilic alcohol (25:24:1 v/v/v) mixture, precipitated with ethanol and resuspended in TE buffer. DNA content and purity were measured by the method of Sambrook et al. [28] . For PCR amplification, 5 μl of DNA extract was added to a final volume of 50 μl reaction mixture, containing: 5×GoTaq flexi buffer, MgCl 2 , dNTP mix, primers (A24f2 5'-CCSRTITTYGCITGGGT-3', A577r2 5'-SAICCARAIRCGCATSGC-3'), GoTaq DNA polymerase (Promega). PCR was performed with a C1000 thermal cycler (Bio-Rad). The PCR program consisted of initial denaturation for 5 min at 94°C, followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 48.0 -54.0°C for 1 min, an extension step at 72°C for 1 min, and a final extension at 72°C for 5 min. After separation Investigation of saturated and aromatic hydrocarbon resistance mechanisms in Pseudomonas aeruginosa IBB ML1 on 1.6% (w/v) TBE (Tris-Borate-EDTA) agarose gels and staining with fast blast DNA stain (Bio-Rad) the amplified fragments were analyzed. Bacterial cells in the exponential phase of growth (10 9 cells/ml) were cultivated on liquid LB-Mg medium (control) and on the same medium in the presence of 5% and 10% (v/v) saturated and aromatic hydrocarbons and incubated for 24 hours at 28°C on a rotary shaker (150-200 rpm). Subsequently, the effect of hydrocarbons on β-galactosidase activity and rhodamine 6G accumulation in Pseudomonas aeruginosa IBB ML1 was investigated.
Effects of hydrocarbons on β-galactosidase activity
Bacterial cells were permeabilized using chloroform and sodium dodecyl sulfate according to the Miller assay [29] . β-galactosidase activities were determined in triplicate by measuring the hydrolysis of the chromogenic substrate, o-nitrophenyl-β-D-galactoside [29] .
Effects of hydrocarbons on rhodamine 6G accumulation in bacterial cells
Bacterial cells were spotted on agar LB-Mg medium (control) and on the same medium with rhodamine 6G (10-500 µg/ml). Rhodamine 6G accumulation in bacterial cells was observed under UV light after 24 hours of incubation at 28°C.
Cellular and molecular modifications induced by saturated and aromatic hydrocarbons on Pseudomonas aeruginosa IBB ML1
Bacterial cells were cultivated in liquid LB-Mg medium and incubated at 28°C on a rotary shaker (150-200 rpm) until exponential phase of growth (10 9 cells/ml). Then either 5% or 10% (v/v) hydrocarbons were added to culture liquid. Flasks were sealed and incubated for 30 min at 28°C on a rotary shaker.
Modifications induced by hydrocarbons to cells viability
Serial dilutions of culture liquid were spread on agar medium using the method of Ramos et al. [12] and the number of viable cells (CFU/ml) was determined.
Modifications induced by hydrocarbons to cell wall hydrophobicity
Bacterial adhesion to hydrocarbons was determined using the method of Rosenberg et al. [30] . The bacterial adhesion to hydrocarbons was also studied on wet mount with the optical microscope.
Modifications induced by hydrocarbons to lipids
Lipids were extracted with a chloroform-methanol (2:1) mixture using the method of Benning and Somerville [31] . The samples were spotted onto 20×20cm Silica gel 60 TLC aluminium sheets (Merck), and separation was performed using chloroform-methanol-acetic acidwater (85:22.5:10:4 v/v/v/v) mixture as the mobile phase in a saturated atmosphere (simultaneous separating chamber of 21×9×21 cm, Desaga type). The plates were treated with 10% (w/v) molybdatophosphoric acid hydrate in ethanol, and, after drying, the spots appeared on a green background. The identification of the phospholipids was performed based on their mobilities (R f ) and their comparison with those of phospholipid standards (Sigma-Aldrich, Supelco).
Modifications to proteins induced by hydrocarbons
Membrane and periplasmic protein fractions were extracted with HE buffer (10 mM HEPES-NaOH, pH 7.6, which contains 10 mM EDTA , 10 mM MgCl 2 ), dissolved in Laemmli buffer and denaturated at 95°C, for 5 min. 30 µg of protein per lane were loaded onto a 12% (w/v) polyacrylamide gel [28] . Gels were stained with Coomassie Brilliant Blue and destained using ethanolglacial acetic acid-water (4.5:1:4.5 v/v/v). Protein content was measured by the method of Bradford.
Biochemical reagents
n-hexane (96% pure), n-hexadecane (99% pure), cyclohexane (99.7% pure), benzene (99% pure), toluene (99% pure), propylbenzene (98% pure), xylene isomers (99% pure), styrene (99% pure) were obtained from Merck (E. Merck, Darmstadt, Germany), n-heptane (97% pure), ethylbenzene (98% pure) were obtained from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Other reagents used were acquired from Merck, Sigma-Aldrich, Difco Laboratories (Detroit, Michigan, USA), Promega (Promega GmbH, Mannheim, Germany), bioMérieux (Marcy-l'Etoile, France) or Bio-Rad Laboratories (Alfred Nobel Dr., Hercules, CA, USA).
Results and Discussion
Over the course of 150 years of crude oil extraction and processing in Romania massive spills of petroleum and petroleum products have occurred, both in extraction and processing areas, and, also, on the indigenous and imported petroleum transportation routes and stockpiling areas. As a result of the development of the petrochemical industry, Romania, like other European countries, is dealing with the serious ramifications associated with hydrocarbon pollution of soil and water. Enormous efforts are focused on developing strategies and technologies for preventing and controlling global hydrocarbon pollution. Despite such efforts, the increasing number of accidents that occur in the environment make hydrocarbon pollution a major immediate problem and legacy issue for the future. Isolation of Pseudomonas aeruginosa IBB ML1 from Poeni petroleum sludge (Teleorman County, Romania) was carried out on minimal medium with 5% (v/v) crude oil as the single carbon source using the enriched cultures method.
Tolerance and degradative capacity of Pseudomonas aeruginosa IBB ML1 to saturated and aromatic hydrocarbons
Bacterial cells growth in the presence of hydrocarbons
Usually the logarithm of the partition coefficient of hydrocarbons in an octanol-water mixture (logP OW ) has been used to predict the toxicity of hydrocarbons toward microorganisms. The toxicity of hydrocarbons, added as a second phase, in supersaturating concentrations is generally correlated inversely with logP OW , thus hydrocarbons with low log P OW (1.5 to 3.5) are considered extremely toxic for bacteria, while hydrocarbons with higher log P OW are potentially less toxic [20] . However, hydrocarbon toxicity depends not only on the inherent toxicity of the compound, but also on the intrinsic tolerance of the bacterial strain [13] . Although Foght et al. [32] postulated that bacteria possessing multidegradative capacities may exist, no strains were found with the capability to degrade both saturated and aromatic compounds. Sotsky et al. [33] established that the ability to degrade saturated and aromatic hydrocarbons were not necessarily mutually exclusive. In addition, many microorganisms are able to tolerate a wide range of hydrocarbons, but are not capable of degrading or transforming them. Pseudomonas aeruginosa IBB ML1 was able to tolerate and degrade saturated (n-hexane, n-heptane, n-hexadecane, cyclohexane) and aromatic (benzene, ethylbenzene, propylbenzene, xylene isomers, styrene) hydrocarbons ( Table 1) . Pseudomonas aeruginosa IBB ML1 was not able to degrade benzene, p-xylene and styrene in plate overlay assays and benzene, toluene and styrene in plate vapor phase assays. This is in accordance with literature for previous Pseudomonas strains isolated from polluted environments.
The growth of Pseudomonas aeruginosa IBB ML1 strain on either agar LB-Mg or on mineral medium overlaid with saturated and aromatic hydrocarbons, or with hydrocarbons in vapor phase was between 0.01 
Specific amplification of HAE1 (hydrophobe/ amphiphile efflux 1) gene fragments by PCR
Efflux pumps are prevalent in Gram-negative bacteria where they contribute to antibiotic resistance and hydrocarbon tolerance. In pseudomonads the major efflux pumps belong to the resistance-nodulationcell division (RND) permease superfamily found in the Bacteria, Archaea, and Eucarya. The RND protein, a secondary transporter located in the inner membrane, forms a complex with a membrane fusion protein in the periplasm and an outer membrane channel to facilitate transport from the cell directly to the extracellular medium [34] [35] [36] [37] [38] . Several RND efflux systems, including MexAB-OprM, MexCD-OprJ, MexEF-OprN, and MexXYOprM, have been characterized functionally in Pseudomonas aeruginosa and these efflux systems are frequently involved in the transport of and resistance to antibiotics, hydrophobic dyes, detergents [36] and hydrocarbons [39] . To determine whether efflux pumps of the RND family are present in Pseudomonas aeruginosa IBB ML1 oligonucleotides A24f2 and A577r2 were used to amplify members of the HAE1 (hydrophobe/amphiphile efflux 1) family of transporters. Amplification of the expected 550 bp fragment was observed ( Figure 1 ) using DNA extracted from Pseudomonas aeruginosa IBB ML1 as the template.
Effects of hydrocarbons on β-galactosidase activity
Under appropriate physiological conditions any compound that can be used by bacteria as a carbon and energy source may repress or induce constitutive β-galactosidase. β-galactosidase activity measurements ( Table 2 ) revealed significant inductions of the lacZ gene in Pseudomonas aeruginosa IBB ML1 cells grown in the presence of either 5% or 10% (v/v) saturated (n-hexane, n-heptane, n-hexadecane, cyclohexane) and aromatic (benzene, ethylbenzene, propylbenzene, xylene isomers, styrene) hydrocarbons compared with respective controls. Increased lacZ gene induction in bacterial cells correlated with increased saturated and aromatic hydrocarbon concentrations. Induction promoted by saturated and aromatic hydrocarbons resulted in a 2.5-10.8-fold increase and a 1.3-11.0-fold increase, respectively, when compared to induction above basal levels.
Similar results were previously obtained by Kieboom et al. [40] for Pseudomonas putida S12. The influence of toluene concentration on srp-lacZ gene induction was determined by varying the amounts of toluene added to Pseudomonas putida S12 cells in the early exponential phase. Increasing the level of toluene added to the growth medium raised the level of srp-lacZ gene induction, reaching a maximum at 6.0 mM toluene. Furthermore, several hydrophobic organic solvents including aromatic compounds, aliphatic compounds, and aliphatic alcohols were able to induce the srp-lacZ construct. The level of induction appeared to correlate with increasing side chain length in the case of the alkyl-substituted aromatics and with chain length in the case of the aliphatic alcohols [40] . Biphenyl-induced β-galactosidase activity in the Pseudomonas strain Cam-10 was increased approximately six times higher than the basal level in cells incubated with pyruvate [41] .
Effects of hydrocarbons to rhodamine 6G accumulation in bacterial cells
Bacteria have developed a number of mechanisms which protect them from environmentally toxic compounds and, arguably, the most common mechanism is the active efflux of these compounds from cells [42] [43] [44] .
Although certain known drug efflux transporters, such as the tetracycline efflux transporters, show high selectivity for particular toxins, there are many so-called multidrug transporters which are much less selective [44] [45] [46] [47] .
To identify multidrug resistance (MDR) activity a fluorescent dye (rhodamine 6G) -based assay was utilized. In this assay rhodamine 6G acts as a substrate of the multidrug resistance (MDR) protein in bacterial cells. According to previous literature [20, 48, 49] rhodamine 6G is a P-glycoprotein (phosphoglycoprotein) substrate, which mediates the energy-dependent efflux of certain toxic compounds (antibiotics, dyes, polyaromatic hydrocarbons, polycholorinated biphenyls, heavy metals, pesticides and other toxic compounds) from the bacterial cells. These toxic compounds share no apparent structural or functional similarities. Pseudomonas aeruginosa IBB ML1 grown in the absence (control) and in the presence of either 5% or 10% (v/v) saturated (n-hexane, n-heptane, n-hexadecane, cyclohexane) and aromatic (benzene, ethylbenzene, propylbenzene, xylene isomers, styrene) hydrocarbons tolerated the presence of rhodamine 6G (10-500 µg/ml) in culture medium and also accumulated this toxic compound in bacterial cells ( Table 2) . Rhodamine 6G accumulation in Pseudomonas aeruginosa IBB ML1 cells grown in the presence of saturated hydrocarbons was higher (100%) than rhodamine 6G accumulation in cells grown in the presence of aromatic hydrocarbons (25-75%). Bacterial cells grown in the presence of 5% and 10% (v/v) toluene and 10% (v/v) styrene were most sensitive to rhodamine 6G (10-500 µg/ml). 1 logarithm of the partition coefficient of the hydrocarbon in octanol-water mixture. 2 β-galactosidase (β-Gal) activity, expressed as the change in absorbance at 420 nm minute -1 milliliter of cells -1 optical density units at 650 nm -1 , was measured in permeabilized cells and was calculate the induction fold (Ind. fold). 3 
bacterial cells were spotted on agar LB-Mg medium with and without rhodamine 6G (10-500 µg/ml) and rhodamine 6G accumulation in bacterial cells was observed under UV light after 24 hours of incubation at 28°C (100% if the growth was similar with the control, 0% if there was no growth). Bacterial cells cultivated on liquid LB-Mg medium (spots 1) and on the same medium in the presence of saturated (n-hexane spots 2, n-heptane spots 3, n-hexadecane spots 4, cyclohexane spots 5) and aromatic (benzene spots 6, toluene spots 7, ethylbenzene spots 8, propylbenzene spots 9, o-xylene spots 10, m-xylene spots 11, p-xylene spots 12, styrene spots 13) hydrocarbons were spotted on agar LB-Mg medium (control) (panel a.) and on the same medium in the presence of 100 µg/ml (panel b.) and 500 µg/ml (panel c.) rhodamine 6G.
Investigation of saturated and aromatic hydrocarbon resistance mechanisms in Pseudomonas aeruginosa IBB ML1
Cellular and molecular modifications induced by saturated and aromatic hydrocarbons in Pseudomonas aeruginosa IBB ML1
In order to clarify the adaptation mechanisms that protect Pseudomonas aeruginosa IBB ML1 cells from the toxic effects of saturated and aromatic hydrocarbons modifications induced at the cellular and molecular level were determined after a 30 min hydrocarbon shock. These changes were compared with respective controls (cells incubated without hydrocarbons).
The effects of hydrocarbons on cell viability
To further characterize of the capacity of Pseudomonas aeruginosa IBB ML1 to tolerate hydrocarbons cell viability was determined in the presence of either 5% or 10% (v/v) saturated (n-hexane, n-heptane, n-hexadecane, cyclohexane) and aromatic (benzene, ethylbenzene, propylbenzene, xylene isomers, styrene) hydrocarbons ( Table 3 ). The addition of either 5% or 10% (v/v) saturated and aromatic hydrocarbons had different effects on the survival rate of the bacterial cells. The survival rates of Pseudomonas aeruginosa IBB ML1 cells were 10 8 -10 9 CFU/ml after addition of saturated hydrocarbons for 30 min, and 10 3 -10 8 CFU/ml after addition of aromatic hydrocarbons for 30 min. When 5% or 10% (v/v) benzene, toluene or styrene were added to culture liquid, the survival rates decreased significantly and these survival rates were below the detection limit of the experiment. The survival rates of Pseudomonas aeruginosa IBB ML1 cells were 10 5 -10 9 CFU/ml after addition of saturated hydrocarbons for 60 min and 0-10 7 CFU/ml after addition of aromatic hydrocarbons for 60 min (data not shown). Hydrocarbons with lower log P OW (e.g., benzene, toluene, styrene) bound more abundantly to viable bacterial cells and consequently were more toxic, while the hydrocarbons with higher log P OW (e.g., n-hexane, n-heptane, n-hexadecane, cyclohexane, ethylbenzene, propylbenzene, xylene isomers) bound less abundantly to viable bacterial cells and were less toxic. Running contrary to the notion that the toxicity of a second phase of a hydrocarbon can be inferred from its hydrophobicity, as reflected by its log P OW [50] , it was observed that certain toluene tolerant bacteria were unable to grow in the presence of hydrocarbons with log P OW values higher than toluene [17] . This effect was also previously observed for Pseudomonas putida DOT-T1E, which thrived in the presence of toluene (log P OW = 2.64), but not in the presence of 1-octanol (log P OW = 2.93). Although 1-octanol did not affect cell viability, it completely inhibited growth of the culture. It was proposed that partitioning of the hydrocarbon in the membrane could explain this phenomenon [51] .
Modifications to cell wall hydrophobicity induced by hydrocarbons
The hydrophobicity of Pseudomonas aeruginosa IBB ML1 cells to hydrocarbons depends on the substrate nature. Although the hydrocarbons are compounds with relatively low water solubility, the solubility rate may be increased by increasing their specific surface, as a result of the mechanical dispersion realized by stirring the tubes containing the aqueous phase (cell suspension) and the organic phase (hydrocarbons). It was observed that bacterial cells adhere to microdroplets of saturated and aromatic hydrocarbons, which can be formed as a result of mechanical dispersion. These changes are stable and decrease the level of turbidity in the aqueous phase ( Table 3 ). Hydrophobicity of Pseudomonas aeruginosa IBB ML1 cells had initial values between 10.14% and 65.23% (data not shown) and decreased significantly 30 min after shock with either 5% or 10% (v/v) saturated and aromatic hydrocarbon to values between 0.50% and 39.55%. In addition, the hydrophobicity of Pseudomonas aeruginosa IBB ML1 cells decreased to values between 0.15% and 22.02% 60 min after shock with either 5% or 10% (v/v) saturated and aromatic hydrocarbons (data not shown). These results indicate that after hydrocarbon shock the surface of Pseudomonas aeruginosa IBB ML1 cells has a lower affinity for hydrocarbon microdroplets.
Indeed, for mutants of Escherichia coli that show higher tolerance towards solvents, the hydrophobicities of cell surfaces have been reported to decrease [52] . However, an explanation for the physiological advantage of a more hydrophobic cell surface as an adaptive response to the presence of a very hydrophobic solvent seems difficult to reconcile. Indeed, this issue was previously addressed by de Bont [53] , who had assumed a decrease in cell hydrophobicity in order to repel the solvent. The outer membrane is known to be an excellent barrier for hydrophobic compounds. This low permeability for hydrophobic compounds is usually more affected by the outer membrane porins than by variations in the LPS content. However, taking into consideration that the major mechanism creating the phenotype of highly solvent-tolerant bacteria is the presence of at least three efflux pumps that permanently remove toxic solvents from the cytoplasmic membrane and transport them to the outer layer of the outer membrane, the observed modification of the surface properties is logical because this hydrophobic layer is able to take up more solvents [13] .
Previous investigations [54] have studied the influence of n-alkane chain length on the physicochemical cell surface properties, the water contact angles (θ w ) and zeta potential (ζ) in order to describe surface charge and surface hydrophobicity of Rhodococcus erythropolis DCL14. These authors observed a strong correlation between the n-alkane chain lengths and the ζ potential of Rhodococcus erythropolis DCL14 cells, which even became positive when the cells grew on C14-C16. Whereas the influence of growth substrates on the surface charges of cells has been described before, the observation that the strain Rhodococcus erythropolis DCL14 changes its polarity when grown on long chainlength alkanes is surprising, as the vast majority of known bacteria exhibit only negative surface charges at circum-neutral pH. The electrostatic attractions between the positively charged cells and the negatively charged n-alkane droplets are thus likely to be responsible for the strong binding observed during the microbial adhesion to hydrocarbon tests [54] .
Modifications induced by hydrocarbons to lipids
Thin-layer chromatography (TLC) studies revealed the existence of certain differences between phospholipid mobilities and phospholipid headgroup composition extracted from Pseudomonas aeruginosa IBB ML1 cells incubated without hydrocarbons (control) and those extracted from cells 30 min after shock with either 5% or 10% (v/v) saturated and aromatic hydrocarbons (Figure 2a ).
Based on their mobilities (R f ) the phospholipids in Pseudomonas aeruginosa IBB ML1 cells (control) were phosphatidylethanolamine (PE with R f 0.54) and phosphatidylglycerol (PG with R f 0.71). After saturated and aromatic hydrocarbon shock for 30 min the phospholipids found in Pseudomonas aeruginosa Cell wall lipids play a crucial role in the uptake of hydrophobic carbon sources. In addition to membrane abnormalities caused by specific inhibitors of lipid synthesis, structural changes in cell wall lipids can occur in response to various stress conditions. Temperature shifts, starvation, low pH, and hydrocarbons can modify the ratios of saturated and unsaturated fatty acids or induce cis-trans isomerization and cyclopropanation. Alterations of the phospholipid headgroups can have additional effects on the physicochemical properties of the membrane [13, 20, 23] . It has been demonstrated that toluene alters the phospholipid headgroup composition in Pseudomonas putida S12 [23] . Specifically, in the phospholipid headgroup, phosphatidylethanolamine (PE) decreased and diphosphatidylglycerol (DPG), as well as phosphatidylglycerol (PG) increased. DPG has a higher transition temperature than PE, which lowers membrane fluidity, producing a stabilizing effect [22] . Similar results were reported for Pseudomonas putida DOT-T1E [11, 13] . In addition, in Pseudomonas putida strain Idaho [55] the total amount of membrane phospholipid fatty acids increased when exposed to o-xylene. A detailed analysis of the phospholipid headgroup biosynthesis in the presence of xylene in Pseudomonas putida strain Idaho revealed an increase in the level of PE and a decrease in the level of PG. PE has a higher melting point than PG and, thus, its increase tends to stabilize the membrane of cells. Therefore, different hydrocarbon-tolerant strains appear to have developed different strategies for changing the composition of phospholipid headgroups to increase membrane rigidity and, in this way, to overcome the damaging effects of hydrocarbons [11, 13, 15, 20, [55] [56] [57] ].
Protein modifications induced by hydrocarbons
To investigate the modifications to membrane and periplasmic proteins induced by hydrocarbons onedimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (1D SDS-PAGE) was employed. Many more types of variation in protein sequences can be distinguished on one-dimensional gels in the absence of denaturants such as urea used in two-dimensional electrophoresis [58] . In Pseudomonas aeruginosa IBB ML1 cells incubated without hydrocarbons (control) the identified membrane and periplasmic proteins were 190-, 170-, 160-, 110-, 105-, 87-, 77-, 68-, 60-, 54-, 50-, 48-, 42-, 40-, 39-, 30-, 28-and 10-kDa based on their estimated molecular weights. The electrophoretic studies showed certain differences between membrane and periplasmic protein profiles extracted from Pseudomonas aeruginosa IBB ML1 cells incubated without hydrocarbons (control) and those extracted from cells 30 min after shock with either 5% or 10% (v/v) saturated and monoaromatic hydrocarbons (Figure 2b) . Importantly, strong inductions in the synthesis of some proteins were observed, while other proteins were synthesized in barely detectable quantities, counteracting the decrease in activity due to membrane structural damage caused by the presence Control (C); 5% (1), 10% (2) n-hexane; 5% (3), 10% (4) n-heptane; 5% (5), 10% (6) n-hexadecane; 5% (7), 10% (8) cyclohexane; 5% (9), 10% (10) benzene; 5% (11), 10% (12) toluene; 5% (13) of hydrocarbons inside the cell. No significant changes were observed between membrane and periplasmic protein profiles extracted from bacterial cells 30 and 60 min after shock with either 5% or 10% (v/v) saturated and aromatic hydrocarbons (data not shown). Protein complexes embedded in the outer membrane constitute water-filled channels, the majority of which are so-called porins. As hydrocarbon molecules can pass through these porins, bacteria that express lower levels of porins or mutants lacking porins may be more tolerant to the toxic effects of hydrocarbons [18, 22] . Even in the non-solvent tolerant Escherichia coli an increase in membrane protein content was observed upon solvent exposure and the presence of phenol and ethanol decreased the lipid-to-protein ratio in the cytoplasmic membrane of growing cells [59] . Increased protein content enhanced the rigidification of the membrane and counteracted the lower saturation degree influenced by ethanol. Thus, the protein content of the membrane, in fact, seems to have a marked effect on the fluidity of the membrane [23] . Recently, an extended proteomic survey performed to identify a comprehensive picture of the functional processes responsible for Pseudomonas putida DOT-T1E adaptation to toxic hydrocarbons, such as toluene, revealed that multiple mechanisms participate together to promote survival of bacteria in the presence of such toxic compounds [16] .
Conclusions
Although hydrocarbons are highly toxic for living microorganisms because they accumulate within them and disrupt cell membranes, increasing numbers of bacterial strains that can adapt and survive in the presence of such compounds are being identified.
Initially, isolated hydrocarbon-tolerant strains commonly belonged to the genus Pseudomonas. However, other genera have now also been shown to include hydrocarbon-tolerant strains. The prominent interest in the study of hydrocarbon-tolerant bacteria is related to their significant biotechnological potential and also to their potential application in different remediation technologies for polluted ecosystems. The biotechnological importance of these bacteria makes them ideal candidates for cellular and molecular studies. Pseudomonas aeruginosa IBB ML1 isolated from Poeni petroleum sludge was able to tolerate and degrade both saturated (n-hexane, n-heptane, n-hexadecane, cyclohexane) and aromatic (benzene, ethylbenzene, propylbenzene, xylene isomers, styrene) hydrocarbons. It is possible that multiple mechanisms may contribute to hydrocarbon tolerance in Pseudomonas aeruginosa IBB ML1 and a combination of short-term and long-term mechanisms may act jointly to promote the complete adaptation of Pseudomonas aeruginosa IBB ML1 cells to saturated and aromatic hydrocarbons. Further investigations can importantly advance our mechanistic understanding. Proposed studies will screen genomic DNA using PCR for the presence of catabolic genes involved in known hydrocarbon biodegradative pathways and for the presence of other efflux pumps of the RND family.
